Abstract This study shows the results of an Anaerobic Membrane Bioreactor with immersed filtration cartridges for granular biomass retention working at high hydraulic loading rates. Biomass retention capabilities, granular biomass structure and activity, filtration cartridges flux and organic material degradation performance were evaluated. Four reactors with a volume of 0.005 m 3 were tested. Two different filtration cartridges were used (10 and 100 µm) with effective surface area of 0.05 m 2 . The filtration cartridges were submerged in the reactors for suction type filtration. Three organic loading rates were tested in the first two reactors and seven in the other two. Selective biomass washout and an increment in the biomass methanogenic activity was observed in the reactors at hydraulic loading rates between 1.2 and 4.5 m/h. Analyses of biomass granulometry showed an increase of larger size granular biomass. The immersed membrane anaerobic bioreactor maintain most of the advantages without biomass activity loss.
Introduction
In the last fifteen years Anaerobic Membrane Bioreactors (MBRs) have been studied as an alternative technology for the enhancement and improvement of conventional anaerobic systems for wastewater treatment. Some of the principal advantages of MBR systems are: high quality effluent and high disinfection level, complete suspended solids removal, high loading rate capacity and high biomass concentration in the digester (Stephenson et al., 2000; Visvanathan et al., 2000) . Most of the studies have focused on the use of external UF or MF membrane units to achieve biomass separation (Choate et al., 1983; Li et al., 1985; Ross et al., 1990; Minami et al., 1991; Bailey et al., 1994; Fakhru'l-Razi, 1994; Choo and Lee, 1996; Elmaleh and Abdelmoumni, 1998) . There is a clear advantage in the organic loading rate that can be achieved with these units when compared to more conventional biomass separation strategies such as UASB-type reactors (Hogetsu et al., 1992; Strohwald and Ross, 1992; Fakhru'l-Razi and Noor, 1999) . However some authors reported a biomass activity loss in anaerobic MBR as a result of the severe hydrodynamic conditions in the cross-flow filtration in the typical external membrane configuration (Brockmann and Seyfreid, 1996; Ghyoot and Verstraete, 1997) . Only some works reported experimentation with MBRs with an immersed membrane, but without a biomass stability analysis (Anderson et al., 1986; Kayawake et al., 1991) .
This study shows the results of an MBR with immersed filtration cartridges for granular biomass retention working at high hydraulic loading rates. Biomass retention capabilities, granular biomass structure and activity, filtration cartridges flux and organic material degradation performance were evaluated.
Materials and methods

Reactors
The experimental set up used in this study is shown in Figure 1 . Four bioreactors of 0.005 m 3 were built; each unit consisted of an anaerobic reactor with one immersed filtration cartridge. Table 1 shows the principal characteristics of the filtration cartridges used in this study. The feed solution was fed into each reactor by peristaltic pumps and the permeate of the filtration cartridge was obtained continuously by a peristaltic pump in suction form. The reactors were seeded with a granular sludge (40 g VSS/l) obtained from a full-scale anaerobic digester treating fruit-juice processing wastewater. The feed solution consisted of fresh molasses diluted with dechlorinated tap water in a proportion depending on the working loading rate. The reactors were operated at 20 ± 1°C and a pH range of 6.6 to 7.1. The control of the pH was achieved by controlling influent loading rate and/or by NaHCO 3 addition.
Operation
The four reactors were separated in two groups according to the operational organic loading rate. The first group was a called a Low Organic Loading Rate (LOLR) and was operated at organic loading rates of 0.3, 0.6 and 1.0 kg COD/m 3 .d. The second group was called Medium Organic Loading Rate (MOLR) and was operated at 1.5, 2.2, 3.3, 5.0, 7.5, 10.0 and 13.0 kg COD/m 3 .d. Each group had one reactor with a filtration cartridge of 10 µm and a second reactor with a cartridge of 100 µm. The LOLR reactors were operated for 70 days without any cartridge cleaning process; while the MOLR reactors were operated for 100 days. These latter ones required periodic cleaning by backwashing with tap water for 10 minutes. (e.g. Table 2 ).
Analytical methods
The following parameters of the feed and effluent from the reactor were measured daily according to Standard Methods (1995): COD, VSS, TSS, alkalinity, AGV and pH. The Figure 1 Experimental set-up flux, suction pressure and biogas production in each reactor were also measured daily. Sludge granulometry was measured according to Laguna et al. (1999) and methanogenic activity according to Soto et al. (1993) . The effluent water granulometry was measured with a Granulometer CILAS 1064.
Results and discussion
The flux performance for LOLR and MOLR bioreactors with two kinds of cartridges is illustrated in Figures 2 and 3 respectively. For the LOLR the 100 µm filtration cartridge allowed a larger flux, losing 49% of the initial value after 90 days of continuous operation without backwashing. On the other hand, the reactor with the 10 µm filtration system had a 91% flux decrease for the same operational period. It is important to notice that an apparent steady state is achieved in both reactors at the end of the experimental period.
A faster decrease in the flux can be observed in the MOLR reactors requiring periodic backwashing. An irreversible clogging of the filtration cartridge can also be observed. (e.g. Figure 3 ). For the reactor with a 10 µm filter, the cartridge was changed on day 52 when the flux loss was of 60%; for the 100 µm MOLR reactor the cartridge was changed after 80 days of continuous operation when flux loss was 40%.
Figures 4 and 5 show the evolution of the suction pressure in the four reactors. It is important to notice the extremely low suction heads necessary to reach the high fluxes attained in these experiments. A significant increase in the suction head on the 100 µm cartridge reactors was only observed after 55 days of continuous operation for the LOLR, and 35 days for the MOLR. On the other hand for the reactors of 10 µm the fouling was observed immediately after the operation started. The effect of backwashing on suction pressure is shown in Figure 5 ; an instantaneous reduction in suction pressure after a cleaning process, can be observed. However, there is also a net accumulation of headloss after the backwashing indicating that this cleaning process is not completely effective.
Granulometric analyses made on granular sludge retained in the reactor after 90 days of continued operation for LOLR reactors ( Figure 6 ) and after 48 and 90 days for MOLR reactors (Figure 7) , show a relative increase in the quantity of granular sludge of larger size, comparatively with the initial seed-sludge. The filtration cartridges permitted little sludge washout and a bigger and more homogeneous sludge was obtained in spite of the high A.E. Hernández et al. operational hydraulic loading rates, 2.5 to 4.5 m/h. In fact a selective biomass washout phenomenon could be taking place, helping the selective pressure for granulating biocenosis. The methanogenic activity measurements made at different times of operation (Table 3 ), show that the sludge activity increases in time. These results show that in the anaerobic immersed filtration MBR, granular sludge structure and activity can be maintained at high up-flow velocities and high fluxes, in contrast to the reports for anaerobic MBR with external membrane units (Brockmann and Seyfreid, 1996; Ghyoot and Verstraete, 1997) . Figures 8 and 9 show total suspended solids concentration of reactors effluent; the TSS concentration in the LOLR reactors effluent were lower than the ones for MOLR reactors. Figure 9 shows an increase in the effluent TSS of the reactor after day 63; on this day the load was increased from 10 kg COD/m 3 .d to 13 kg COD/m 3 .d; this increase in the organic load generated a washout of the sludge in the reactor. The change in organic loading makes the biggest sludge break or erode, producing small flocs that are not retained by the membrane and escape out of the reactor. A granulometry analysis on the sludge retained inside the reactor supports this hypothesis. This phenomenon can limit the maximum organic loading rate achievable by the reactor.
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Effluent particles sizes for the 10 µm LOLR reactor are presented in Figure 10 . It is seen to be a very good match with the nominal filtration cartridge pore size; similar results were observed on the others three reactors.
Conclusions
The following conclusions can be obtained from the results presented previously: the selective biomass washout (removal of small size biomass aggregates) allowed us to improve and to homogenize granular sludge quality; the filtration unit allowed a bioreactor operation under high hydraulic loading rates without biomass loss, maintaining its structure and activity, in contrast with the external unit anaerobic MBR. The immersed filtration cartridge, in contrast with MF or UF units, attains much higher fluxes at lower operational energy losses, however, the effluent from the reactor has a considerably higher TSS when compared to UF or MF systems.
Immersed filtration could help to upgrade UASB reactors with hydraulic instabilities in the sludge blanket. There seems to be an aggregate destruction phenomenon at OLR around 13 kg COD/m 3 .d that induces sludge washout and limits the maximum OLR in the system. Figure 10 Granulometry effluent LOLR reactor 10 µm
